trinsic photoconductivity; pulsed laser melting Strong absorption of sub-band gap radiation by an impurity band has recently been demonstrated in silicon supersaturated with chalcogen impurities. However, despite the enhanced absorption in this material, the transformation of infrared radiation into an electrical signal via extrinsic photoconductivity -the critical performance requirement for many optoelectronic applications -has only been reported at low temperature because thermal impurity ionization overwhelms photoionization at room temperature. Here, we use dopant compensation to manipulate the optical and electronic properties and thereby improve the room-temperature infrared photoresponse. We fabricate silicon co-doped with boron and sulfur using ion implantation and nanosecond pulsed laser melting to achieve supersaturated sulfur concentrations and a matched boron distribution. The location of the Fermi level within the sulfur-induced impurity band is controlled by tuning the acceptor-to-donor ratio, and through this dopant compensation, we demonstrate three orders of magnitude improvement in infrared detection at 1550 nm due to a reduction in the background carrier concentration.
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I. INTRODUCTION
Silicon is the most economical, technologically sophisticated, and has the highest crystal quality of any semiconductor material, but its optoelectronic applications are limited to the visible and near-infrared spectral range due to its 1.12 eV band gap (λ = 1110 nm).
Extending the photoresponse into the short-wavelength infrared (SWIR) regime (0.89 to 0.41 eV or 1400 to 3000 nm) has been a topic of great interest because it has the potential to revolutionize silicon-based optoelectronics, enabling the development of CMOS-compatible photonic systems that can integrate optical and electronic functions on a single chip.
1,2
The introduction of dopant impurities or crystal lattice point defects can result in photoresponse at sub-band gap wavelengths due to defect-mediated extrinsic carrier generation.
The detectivity of extrinsic photoconductive detectors depends on the ratio of optical carrier generation to thermal carrier generation. Traditionally, extrinsic silicon photodetectors have been limited by either high thermal impurity ionization or low optical carrier generation due to low absorption of sub-band gap radiation. Commonly used group III or V dopants (B, Al, Ga, P, As and Sb) have high solubilities in solid silicon, but these impurities introduce shallow defect states that are thermally ionized at room-temperature, so extremely low operating temperatures (below ∼ 40 K) are required for their use in extrinsic photodetectors.
1,3
Alternatively, lattice defects, which can be introduced by bombardment with Si + ions, Ar + ions, protons, or neutrons, can be optically active without producing thermally generated free carriers, but they typically result in relatively low sub-band gap absorption coefficients, α ∼ 0.5 − 50 cm −1 .
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The operation temperature of impurity doped extrinsic photodetectors can be increased by using deep-level impurities, which requirer higher temperatures for thermal ionization. Deep-level impurities, however, have low solubilities in silicon (max impurity concentration agree well with the SIMS data, but they differ slightly at the near-surface region because the effects of dopant evaporation were not included, and at the deepest portion of the curves likely because of knock-on effects during SIMS analysis.
In effort to match the sulfur and boron dopant profiles after PLM, we tried 3 different boron implantation energies (not shown). We found good agreement with the 25 keV energy used here, which produces an ∼ 100 nm average ion projected range for boron, slightly shallower than the ∼ 120 nm range for sulfur implanted at 95 keV. The shallower boron implant likely accommodates for its slightly faster diffusion, and the result is that the boron and sulfur profiles are very nearly equalized after PLM. 
III. ELECTRONIC PROPERTIES
We performed room-temperature van der Pauw and Hall measurements on the co-doped sample series to confirm that the boron acceptors electrically compensate the sulfur donors.
Cloverleaf device structures with a 1 mm diameter were lithographically defined from the PLM material following the fabrication procedure outlined in Ref. 27 . Due to the varying dopant concentration throughout the depth of the hyperdoped layer (see Fig. 1 ), we analyze only the depth-averaged sheet resistance, R s = 1/ σ(z)dz, and the sheet carrier concentration, n s = n(z)dz, where σ(z) and n(z) are the depth-dependent conductivity and carrier concentration. Fig. 2(a),(b) , and (c) show R s , n s and the carrier mobility µ = 1/eR s n s , respectively, as a function of N B /N S . Each data point in Fig. 2 is the average for two nominally identical samples, and the error bars give the spread in the measured values.
As expected for dopant compensation, as N B /N S increases from 0 to 1, R s increases and n s decreases. However, above N B /N S = 1, these trends invert. This inversion occurs simultaneously with a change in the majority carrier type as determined by a change in the direction of the Hall slope. Material with N B /N S ≤ 1 is n-type, while above N B /N S = 1, the material is over-compensated and it becomes p-type. For the remainder of the manuscript, we focus only on samples for which N B /N S ≤ 1.
We can calculate the relative change in the Fermi level E F due to the boron compensation using the data in Fig. 2(b) and Boltzmann statistics
where k B is the Boltzmann constant and T is the temperature. 
IV. OPTICAL ABSORPTION
Optical absorption measurements provide further verification that boron compensation moves the Fermi level within IB. We measured the transmittance (T ) and reflectance (R) of the co-doped series using a PerkinElmer Lambda 950 UV/Vis/NIR Spectrometer for photon energies 0.7 to 1.4 eV (λ = 1.77 to 0.89 µm) and a PerkinElmer Spectrum 400 FTIR Spectrometer for photon energies 0.05 to 0.9 eV (λ = 25 to 1.38 µm). For both instruments, the illumination spot was apertured so as to probe only the laser melted area.
A silver mirror was used as a 100% reflectance standard for the UV/Vis/NIR data and a gold mirror was used for the FTIR data. Five nominally identical samples were measured for every doping condition, and the absorptance, A, shown in Fig. 3(a) , was calculated by calibration offsets for the two instruments, the FTIR curves were rigidly shifted such that they aligned with the UV/Vis/NIR curves at 0.8 eV. This shift was less than 1% absolute on average, and the agreement of the spectral shape in the overlap region from the two different spectrometers is very good for all samples. absorptance. This effect is illustrated explicitly in the inset to Fig. 3(a) for 0.8 eV photon energy (λ = 1550 nm). In agreement with expectations, the data in Fig. 3(c) show a more substantial decrease in the absorption of photons with energies less than ∼ 0.8 eV. There is not a sharp cutoff at this energy, however, likely because at the sulfur concentrations considered here (∼ 0.2% atomic), the impurity band is predicted to have a bandwidth on the order of 100 meV, [19] [20] [21] which is supported by the experimental data in Fig. 2(d) .
V. INFRARED PHOTORESPONSE
We performed photoconductivity measurements on select samples to determine the effect of dopant compensation on the infrared photoresponse. The experimental setup is diagrammed in Fig. 4(a) . Photolithography and SF 6 -based reactive ion etching to a depth of 1 µm were used to define a 1 × 1. to convert the RMS value of the first Fourier component to the peak-to-peak amplitude of the square wave voltage change. ∆V is related to the change in sample resistance ∆R by:
where R avg is the time-averaged sample resistance. (Fig. 4(c) ). The magnitude of ∆V /V a , however, depends on the experimentally chosen value of R L , and it is maximized when R L = R avg . Because the resistivity of the different samples varies by several orders of magnitude ( Fig. 2(a) ), for each measurement the value of R L was chosen to closely match R avg (see Table I ). We calculated ∆R for each sample using Eq. 2 and the values of R L , R avg , and ∆V /V a . The results are listed in Table I . The value of ∆R for the silicon control is an upper bound based on the noise limit of the measurement.
The fractional change in sample resistance ∆R/R avg and the ∆R photoresponse increase with compensation. This improvement can be explained by the reduced background carrier concentration ( Fig. 2(b) ). Assuming uniform photoresponse across the device area,
where A is a geometrical constant, e is the electron charge, µ d(i) is the carrier mobility when the sample is dark (illuminated), n s is the sheet carrier concentration in the dark and ∆n s Fig. 2(c) ) and ∆R (determined from ∆V /V a using Eq. 2), plotted as a function of the sheet carrier concentration (Fig. 2(b) ).
is the photogenerated sheet carrier concentration. If
and in the limit ∆n s n s , Fig. 4(d) shows the mobility-∆R product for each sample as a function of its sheet carrier concentration. The line is a fit using Eq. 5 with a single fit constant C = A∆n s /e. The quality of the fit implies that ∆n s ≈ constant, and demonstrates that the improvement in the ∆R photoresponse is due almost entirely to the reduction in n s achieved by compensation.
Considering the smaller absorptance at 1550 nm for samples with increased compensation (Fig. 3(a) Inset) , it is surprising that the data in Fig. 4 mobility under illumination for compensated samples. If µ i /µ d = x, then Eq. 5 becomes:
Thus, if µ i > µ d , it is analogous to an enhancement in ∆n s by the factor n s 1 − 1 x . Since the E C −E F gap grows with compensation and is at least ∼ 6 times larger than k B T at room temperature for N B /N S = 1 (from Fig. 2 (d) E C − E F ≈ 150 meV or larger), it is likely that conduction in the dark occurs within the IB rather than by thermal excitation to the CB.
Alternatively, upon illumination, conduction likely occurs via photoexcited carriers in the CB. Since conduction within an IB is typically associated with a lower carrier mobility 38, 39 , this phenomenon could result in µ i > µ d for the compensated samples.
The room-temperature electrical detection of carriers photogenerated with sub-band gap radiation demonstrated here is crucial for the development of silicon-based infrared photodetectors. Until now, the potential of extrinsic photodetectors based on highly absorbing sulfur-supersaturated silicon has been hindered by thermal carrier generation resulting in a high dark n s . By controlling the dopant compensation, we were able to tune the Fermi level location within the impurity band and therefore reduce n s and achieve an increase in ∆R/R avg by about three orders of magnitude. Optimization of the photoconductor device architecture including surface passivation, light management for improved absorption, and contact geometry for improved carrier collection, along with optimization of the dopant compensation balance provide opportunities for further improvement in photoresponse and a path toward room-temperature broadband operation of silicon detectors at sub-band gap 14 wavelengths.
